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Hitoshi Sato, Lawrence D. Callanan, Lesley Pesnicak, Tammy Krogmann, and Jeffrey I. Cohen*
Medical Virology Section, Laboratory of Clinical Investigation, National Institute of Allergy and Infectious Diseases,

National Institutes of Health, Bethesda, Maryland

Received 15 March 2002/Accepted 12 July 2002

Varicella-zoster virus (VZV) open reading frame 17 (ORF17) is homologous to herpes simplex virus (HSV)
UL41, which encodes the viral host shutoff protein (vhs). HSV vhs induces degradation of mRNA and rapid
shutoff of host protein synthesis. An antibody to ORF17 protein detected a 46-kDa protein in VZV-infected
cells. While HSV vhs is located in virions, VZV ORF17 protein was not detectable in virions. ORF17 protein
induced RNA cleavage, but to a substantially lesser extent than HSV-1 vhs. Expression of ORF17 protein did
not inhibit expression from a �-galactosidase reporter plasmid, while HSV type 1 vhs abolished reporter
expression. Two VZV ORF17 deletion mutants were constructed to examine the role of ORF17 in virus
replication. While the ORF17 VZV mutants grew to peak titers that were similar to those of the parental virus
at 33°C, the ORF17 mutants grew to 20- to 35-fold-lower titers than parental virus at 37°C. ORF62 protein was
distributed in a different pattern in the nuclei and cytoplasm of cells infected with an ORF17 deletion mutant
at 37°C compared to 33°C. Inoculation of cotton rats with the ORF17 deletion mutant resulted in a level of
latent infection similar to that produced by inoculation with the parental virus. The importance of ORF17
protein for viral replication at 37°C but not at 33°C suggests that this protein may facilitate the growth of virus
in certain tissues in vivo.

Infection of cells with varicella-zoster virus (VZV) alters the
expression and activities of a number of host proteins. For
example, VZV down-regulates expression of major histocom-
patibility class I and class II proteins on the surfaces of cells (1,
2, 7). Infection of Vero cells with VZV induces apoptosis (38).
VZV induces extensive formation of syncytia in cells, both in
vitro and in vivo, but does not rapidly inhibit protein synthesis
(3).

One herpesvirus protein that has a major effect on host cell
proteins is the herpes simplex virus (HSV) virion host shutoff
protein (vhs). HSV vhs is located in the tegument of virions
and is released into the cytoplasm after virus entry, resulting in
the rapid shutoff of host cellular protein synthesis (29, 36, 43,
48). HSV vhs preferentially induces cleavage of mRNA rela-
tive to other classes of RNA and may be targeted to mRNA by
its interaction with a cellular translation factor, eIF4H (13, 36,
43). While an HSV type 1 (HSV-1) vhs mutant, obtained by
chemical mutagenesis of the virus, showed impaired growth in
cell culture (26), more recent studies using site-directed mu-
tagenesis to construct HSV-1 vhs mutants have shown that
viruses lacking a functional vhs are only marginally impaired in
replication in cell culture (36, 46).

VZV open reading frame 17 (ORF17) encodes a homolog of
the HSV vhs protein. ORF17 is predicted to encode a 455-
amino-acid protein with 39% amino acid identity to HSV-1
vhs. The two proteins share four domains that are highly con-
served (5). HSV-1 vhs has a deletion (corresponding to VZV
ORF17 amino acids 170 to 189) relative to VZV ORF17 pro-

tein, while ORF17 protein has a deletion (corresponding to
HSV-1 vhs amino acids 306 to 358) relative to HSV-1 vhs.
HSV-1 vhs contains a domain that binds to HSV VP16 and
regulates the activity of vhs (27, 41, 42). The VZV ORF17
protein is predicted to lack this binding domain (41), even
though the virus encodes a homolog of VP16 (the VZV
ORF10 protein). HSV-1 vhs contains a domain, LGYAYIN,
that is postulated to bind to poly(A) sequences (45); this se-
quence is only partially conserved (MGYAYVE) in VZV
ORF17.

Each of the alphaherpesviruses that has been sequenced has
a vhs homolog. HSV-2, pseudorabies virus (PRV), equine her-
pesvirus 1 (EHV-1), and bovine herpesvirus 1 all express pro-
teins that are highly conserved in relation to HSV-1 vhs (5, 14,
15, 17). Here we identify and characterize the VZV ORF17
protein and examine its importance in viral replication and
latency.

MATERIALS AND METHODS

Cells and viruses. Human melanoma (MeWo) cells, a gift from Charles Grose,
were used for transfections and preparation of virus stocks. Human schwannoma
cells (ST88-14) were a gift from Cynthia Morton (37). Human neuroblastoma
cells (SK-N-SH), human fibroblasts (MRC-5), and African green monkey kidney
cells (BSC-1 cells and Vero cells) were obtained from the American Type
Culture Collection. Recombinant viruses were derived from cosmids correspond-
ing to the attenuated Oka strain of VZV (47). An early clinical isolate of VZV
(Molly strain) was used for purification of virions. Cell-free virus was prepared
from MRC-5 or melanoma cells infected with VZV as described previously (40).

Plasmids and cosmids. A maltose binding protein–ORF17 fusion protein was
constructed by PCR amplification of a portion of VZV ORF17 (nucleotides
24149 to 25513) using VZV cosmid NotI A (9). The first primer contained an
EcoRI site followed by VZV nucleotides 24296 to 24330 (TTTGAATTCGGT
AAACGCGAGAATTTACACGGAC), and the second primer contained a PstI
site followed by VZV nucleotides 25516 to 25492 (TTTCTGCAGTTAATTCC
AATATTTTGTTAATACA). Amplified DNA was digested with EcoRI and PstI
and inserted into plasmid pMAL-C2 (New England Biolabs, Beverly, Mass.).
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The resulting plasmid, pMAL-ORF17L, encodes the maltose binding protein
fused to amino acids 50 to 455 of ORF17.

VZV ORF17 is located between VZV nucleotides 24149 and 25513 in cosmid
VZV NotI A. VZV cosmids NotI A, NotI BD, MstII A, and MstII B, from the
Oka vaccine strain, encompass the entire VZV genome and are used to generate
recombinant Oka (ROka) virus (9) (Fig. 1). Two viruses containing different
deletions in ORF17 were constructed by the RecA-assisted restriction endonu-
clease cleavage technique (16). Cosmid NotI A was incubated with two oligonu-
cleotides, CACGACAAACTGACAAGATGATCTGCCTGCGCGACCAAAAC
GTATGCAGTCTTACCTCTA and TCATCCTCCCCATTGGATAATTTGGAA
CGCGCATTTGTTGAACATATAATCGCCGTGGTA, centered around the two
HhaI sites at VZV nucleotides 24666 and 25284 in the presence of the Escherichia
coli RecA protein. After methylation of the cosmid DNA with HhaI methylase and
S-adenosylmethionine, the oligonucleotide-recA complexes were dissociated by heat-
ing, and the DNA was digested with HhaI. The large DNA fragment was ligated to
itself to produce VZV cosmid NotI A-17DA. A second deletion in ORF17 was
produced by incubating cosmid NotI A with two oligonucleotides, GATATTTGT
ATTGGAACGTTGTACAGACGGCCCATTATCACGTGGAGCCAAGGCAA
TTAT and ATCTGTTCAGCAAGTTATTCAGGATACCGGCCTGAAAATTC
CACATCAAATGGACACTTC, centered around the two HaeIII sites at VZV
nucleotides 24414 and 25059, and after methylation of the DNA and cleavage with
HaeIII, cosmid NotI A-17DB was produced. NotI A-17DA is predicted to encode
VZV ORF17 amino acids 1 to 173 followed by deletion of amino acids 174 to 378,
two out-of-frame amino acids, and a stop codon, whereas NotI A-17DB is predicted
to encode amino acids 1 to 89, followed by deletion of amino acids 90 to 304, and
in-frame amino acids 305 to 455.

To generate a rescued virus in which the deletion in ORF17 is restored, a
5.0-kbp EcoRI-EcoRV fragment containing VZV nucleotides 22664 to 27684
was isolated from cosmid NotI A and subcloned into pGEM-2. The resulting
plasmid was named pORF17. To construct a plasmid containing full-length
ORF17 for in vitro transcription, ORF17 was amplified from cosmid NotI A by
PCR using primers CCTAGACCATGGGGCTCTTTGGACTGACAC (which
contains an NcoI site followed by VZV nucleotides 24149 to 24179) and CGT
GAATTCGTCGCTCTTATGTGTGTTTTAATTCC (which contains an EcoRI
site followed by VZV nucleotides 25509 to 25534). The PCR product was di-
gested with NcoI and EcoRI and inserted into the NcoI and EcoRI sites of
pSPUTK (11) to create plasmid pSP6VZV17. Plasmids pSPUTK, pSP6vhs,
pSPPRVvhs, pSPSR19N, and pCITE-1 (Novagen), used in RNA cleavage assays,
were kindly provided by James Smiley (11, 12).

To construct a plasmid expressing full-length ORF17 for expression in mam-
malian cells, the Eco57I-TfiI DNA fragment corresponding to VZV nucleotides
24116 to 25670 from cosmid NotI A was isolated, the ends were blunted with T4
DNA polymerase, and the DNA was inserted into the HindIII site (after it was

blunted with the Klenow fragment of DNA polymerase I) of pCMV (19) to
create plasmid pCMV17. Plasmid pCMV17DA, which has a deletion in ORF17,
was constructed from pCMV17 by using the RARE procedure as described
above. Plasmids pCMV, pCMV vhs, pCMV vhs1, and pRSV�-gal, used for the
�-galactosidase cotransfection assays, were provided by James Smiley (19).

Production of an antibody to ORF17 protein, immunoblotting, and Southern
blotting. E. coli (strain BL21) containing pMAL-ORF17L was propagated and
lysed, and the maltose binding protein-ORF17 fusion protein was bound to an
amylose resin column. The column was washed extensively, and the fusion
protein was eluted with 10 mM maltose and dialyzed with phosphate-buffered
saline containing 10 mM maltose. Mice were immunized once with the maltose
binding protein-ORF17 fusion protein in complete Freund’s adjuvant and four
additional times in incomplete Freund’s adjuvant. An antiserum from the mice
was absorbed with an E. coli lysate containing the maltose binding protein and
with uninfected melanoma cells.

Purified virions were prepared as described previously (21, 22, 39). VZV-
infected and uninfected cell lysates and purified virions were boiled, fractionated
on sodium dodecyl sulfate-polyacrylamide gels, and transferred to nitrocellulose
membranes. The membranes were incubated either with a mouse antibody to
ORF17 or VZV gE (Chemicon Corp., Temucula, Calif.), or with a rabbit anti-
body to ORF10 (31) or ORF61 (20).

VZV DNA was purified from nucleocapsids (9), cut with AflII, fractionated on
agarose gels, and transferred to nylon membranes. The membranes were hybrid-
ized to a [32P]dCTP-radiolabeled probe corresponding to the NotI A cosmid.

Transfections and growth of VZV mutants. Melanoma cells were transfected
with plasmid pCMV62 and VZV cosmid NotI BD, MstII A, MstII B, and NotI
A, NotI A-17DA, or NotI-17DB by the calcium phosphate method (9). Trans-
fected cells were passaged until a cytopathic effect (CPE) was detected. To repair
the deletion in the ORF17 deletion mutant, pORF17 was linearized and mela-
noma cells were transfected with 0.5 �g of virion DNA from the ORF17 deletion
mutant, 1.5 �g of pORF17, and 50 ng of pCMV62. The transfected cells were
passaged in melanoma cells at 37°C (nonpermissive temperature for the deletion
mutant), cell-free virus was prepared, and the virus was plaque purified.

The �-galactosidase cotransfection assay was performed as previously de-
scribed (19) with the following modifications. Melanoma cells in 12-well plates
were cotransfected with 0.11 pmol (0.5 �g) of pRSV�-gal per well and various
amounts of pCMV, pCMV vhs, pCMV vhs1, pCMV17, or pCMV17DA by using
Lipofectamine 2000 (Invitrogen, Carlsbad, Calif.). The total amount of DNA was
maintained at 0.61 pmol per well by adding pCMV to the transfections. At 48 h
after transfection, cell lysates were prepared and �-galactosidase activity was
assayed by incubating the lysates with o-nitrophenyl-�-D-galactopyranoside at
37°C for 60 min. A410 was determined by using an enzyme-linked immunosorbent
assay (ELISA) reader.

FIG. 1. Construction of recombinant viruses with deletions in ORF17. The VZV genome is 124,884 bp long (top) and consists of unique long
(UL), unique short (US), terminal repeat (TR), and internal repeat (IR) DNA segments. NotI and MstII DNA restriction fragments used to
construct parental VZV are diagrammed. Cosmid NotI A-17DA has codons 174 to 378 of ORF17 deleted, whereas cosmid NotI A-17DB has
codons 90 to 304 deleted. Numbers in diagrams of cosmids NotI A-17DA and NotI A-17DB indicate the sites of the deletions. Cosmids NotI
A-17DA and NotI A-17DB were used to construct viruses ROka17DA and ROka17DB, respectively.
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Growth curves for VZV mutants were performed by inoculating melanoma or
Vero cells with virus-infected melanoma cells and, on consecutive days after
infection, treating the cells with trypsin and titering them on uninfected mela-
noma cells.

Viral DNA synthesis was assayed in Vero cells. Vero cells were infected with
cells containing about 200 PFU of VZV, and cells were harvested at days 1 to 5
after infection. Total cellular and viral DNAs were prepared as described pre-
viously (8), applied to a slot blot along with serial dilutions of control VZV
DNAs, and hybridized to a [32P]dCTP probe corresponding to the four cosmids
that encompass the VZV genome. The signal was quantified by using a phos-
phorimager (Storm System; Amersham Biosciences, Sunnyvale, Calif.).

RNA cleavage assay. Cleavage of capped mammalian RNA and RNA con-
taining a picornavirus internal ribosomal entry site (IRES) sequence was per-
formed as described previously (11, 12, 44). Effector constructs pSP6vhs,
pSP6PRVvhs, and pSP6VZV17 were linearized by digestion with EcoRI and
transcribed using the Riboprobe in vitro transcription system (Promega). One
microgram of each linearized effector plasmid was transcribed in a 20-�l reaction
volume containing 40 mM Tris-Cl (pH 7.9), 6 mM MgCl2, 2 mM spermidine, 10
mM NaCl, 10 mM dithiothreitol, 2.5 mM (each) ATP, GTP, TTP, and CTP, 0.5
mM 7-methylguanosine 5� nucleotide, 50 U of RNasin (RNase inhibitor), and 20
U of SP6 RNA polymerase. Reaction mixtures were incubated at 37°C for 1 h,
and transcribed RNA was extracted with phenol-chloroform, precipitated, and
resuspended in 12 �l of water. Two microliters of each transcribed RNA was
translated in a 50-�l reaction volume containing 40 �Ci of [35S]methionine and
rabbit reticulocyte lysate (Promega). After incubation for 1 h at 30°C, aliquots of
the products were fractionated on sodium dodecyl sulfate-polyacrylamide gels.

A radiolabeled reporter construct was derived from the canine recognition
particle � subunit (SRP�) mRNA (11). A 2.4-kb runoff transcript containing
SRP� mRNA was generated using SP6 polymerase and EcoRV-linearized
pSPSR19N plasmid DNA as a template. The in vitro transcription reaction was
performed as described above, except that 7-methylguanosine 5� nucleotide was
omitted. The reaction product was subjected to electrophoresis on a 1% agarose
gel, and the full-length RNA was excised from the gel, electroeluted, extracted
with phenol-chloroform, precipitated, and resuspended in water. The uncapped
runoff transcript was used to generate capped radiolabeled reporter RNA by
using vaccinia virus guanylyltransferase (Life Technologies, Gaithersburg, Md.)
in the presence of [�-32P]GTP. RNA (500 ng) was incubated with 50 mM
Tris-HCl (pH 7.9), 1.25 mM MgCl2, 6 mM KCl, 2.5 mM dithiothreitol, 0.1 mg of
RNase-free bovine serum albumin/ml, 50 U of RNasin, 0.1 mM S-adenosyl-L-
methionine, 1 U of guanylyltransferase, and 50 �Ci of [�-32P]GTP in a reaction
volume of 30 �l for 45 min at 37°C. The reaction mixture was extracted once with
phenol-chloroform, and the RNA was recovered by ethanol precipitation.

A radiolabeled capped reporter RNA, containing a picornavirus IRES se-
quence, was produced by linearizing pCITE-1 (12) with EcoNI and performing
in vitro transcription as described above with following modifications: the con-
centration of GTP was reduced to 25 �M and 1 �Ci of [�-32P]GTP was added.
The radiolabeled RNA was gel purified as described above.

The RNA cleavage assay was performed by incubating the radiolabeled
(�5,000 Cerenkov counts per min) reporter RNA with in vitro-translated effec-
tor proteins in reticulocyte buffer (1.6 mM Tris-acetate [pH 7.8], 80 mM KCl, 2
mM Mg acetate, 0.25 mM ATP, 0.1 mM dithiothreitol, 10 U of RNasin) at 30°C.
Aliquots (5 �l) of the reaction were collected at various time points, 20 �g of
carrier tRNA was added, and RNA was extracted with Trizol according to the
manufacturer’s instructions (Invitrogen). The RNA was subjected to electro-
phoresis on a 1% agarose–6% formaldehyde gel and transferred to a nylon
membrane, and autoradiography was performed. The signal from full-length
RNA was quantified by using a phosphorimager to estimate the rate of RNA
degradation.

Immunofluorescence microscopy. Cell-free virus was prepared from MRC-5
cells infected with an ORF17 deletion mutant and the ORF17 rescued virus and
was used to infect melanoma cells on glass coverslips. The cells were incubated
either at 33°C for 48 h, at 37°C for 48 h, or at 33°C for 3 h and then 37°C for 45 h;
they were then fixed with methanol-acetone (1:1) at �20°C for 15 min. Cells were
then incubated with a murine anti-gE or anti-ORF62 monoclonal antibody
(Chemicon), followed by a fluorescein isothiocyanate-conjugated goat anti-
mouse antibody, and were examined by immunofluorescence microscopy. In
some experiments, DAPI (4�,6�-diamidino-2-phenylindole; 1 �g/ml) was added
with the secondary antibody to visualize the nuclei.

Animal experiments. Seven-week-old female or male cotton rats were anes-
thetized and inoculated intramuscularly with 50 �l containing 3 � 105 PFU of
VZV-infected melanoma cells at six sites on each side of the thoracic and lumbar
spine as described previously (39). As a control some animals were inoculated
with uninfected melanoma cells, while other animals received VZV ROka-

infected melanoma cells that had been heated to 95°C for 10 min (heat-inacti-
vated ROka). One month after inoculation, the animals were sacrificed, and
thoracic and lumbar dorsal root ganglia were removed, rinsed in phosphate-
buffered saline, and frozen at �80°C.

DNA pooled from left dorsal root ganglia of mock- or VZV-infected animals
was used in PCRs. The frozen tissue was triturated with a Kontes pestle, and
nucleic acid was extracted using the Puregene DNA isolation kit (Gentra Sys-
tems, Minneapolis, Minn.). The treated tissue was incubated at 56°C overnight in
lysis solution containing 0.2 �g of proteinase K (Invitrogen)/ml. Samples were
treated with RNase A (20 �g/ml) for 30 min at 37°C, proteins were removed by
precipitation, and the DNA was precipitated, washed in 70% ethanol, and re-
suspended in DNA hydration buffer.

RNA was extracted from pooled right dorsal root ganglia by addition of Trizol
(Invitrogen) to the frozen tissue, followed by disruption of the tissue using a
Turrax T8 tissue homogenizer (IKA Works, Inc., Wilmington, N.C.). RNA was
purified according to the manufacturer’s instructions and was resuspended in
water.

RNA was treated with RNase-free DNase I (Invitrogen) for 30 min at 37°C,
followed by incubation at 65°C for 15 min to inactivate the DNase. cDNA was
obtained by incubating 1 �g of RNA, 50 U of Superscript II reverse transcriptase
(Invitrogen), and 0.5 �g of oligo(dT)12-18 (Invitrogen) for 50 min at 42°C in a
20-�l reaction volume.

DNA (500 ng) from dorsal root ganglia, cDNA (5 �l) prepared from ganglion
RNA, or serial dilutions of cosmid NotI A in 500 ng of DNA from ganglia of
uninfected animals were amplified in a 50-�l PCR mixture containing 2.5 U of
Taq DNA polymerase (Roche), 50 mM KCl, 2.5 mM MgCl2, 20 mM Tris (pH
8.3), 200 �M each deoxynucleoside triphosphate, 5% glycerol, and 0.5 �M
oligonucleotides. Primers AGCGTTGTAGCAGACGAGCAT and ATGACAG
CTTCCAACCCTGT were used to amplify ORF21, and primers TTATCTAAT
GGGTCGCACC and GTATATTCCGCGGTTTCTGC were used to amplify
ORF63. PCR was performed by denaturing the DNA at 94°C for 3 min, followed
by 35 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C, with a final
incubation for 7 min at 72°C. Southern blot analysis was performed as described
previously, using ORF21 and ORF63 probes (39).

RESULTS

ORF17 encodes a 46-kDa nonstructural protein. To charac-
terize VZV ORF17 protein, we generated a mouse antiserum
against the protein by immunizing animals with a maltose
binding protein-ORF17 fusion protein (containing amino acids
50 to 455 of ORF17). Sequence analysis of ORF17 in the
fusion protein (derived from the vaccine strain of Oka) showed
six nucleotide changes, which resulted in four amino acid
changes relative to the sequence of the Dumas strain of VZV
(10). VZV nucleotides 24516 to 24518 were deleted in the Oka
vaccine strain (relative to the Dumas strain), resulting in de-
letion of Ser 123 in ORF17 protein. Nucleotides 24578, 24654,
and 25067 were changed (from the Dumas strain to the Oka
vaccine strain) from A to G, C to T, and G to A, respectively.
This changed amino acids 144 (Thr to Ala), 169 (Thr to Met),
and 307 (Val to Ile). The amino acid sequence of ORF17 in the
fusion protein was identical to that found in another sequence
of the Oka vaccine strain and in the parental Oka virus (Y.
Gomi and K. Yamanishi, unpublished data). Immunoblotting
of lysates from VZV (ROka)-infected cells with an antibody to
ORF17 protein detected a 46-kDa protein that was not present
in uninfected cells (Fig. 2A).

Since the HSV vhs protein is present in the virion tegument,
we isolated VZV virions and performed immunoblotting for
ORF17 and other viral proteins. Surprisingly, ORF17 protein
was not detected in virions (Fig. 3). The purity of the virion
preparation was verified by the presence of ORF10 tegument
protein and gE in virions, but not ORF61 nonstructural pro-
tein (20).

ORF17 protein cleaves capped RNA to a lesser extent than
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does HSV-1 vhs. To determine whether ORF17 protein cleaves
RNA to a similar degree as the HSV-1 vhs protein, we per-
formed an RNA cleavage assay (11, 12). Plasmids containing
wild-type ORF17, HSV-1 vhs, and PRV vhs were used for in
vitro transcription and translation to generate [35S]methi-
onine-labeled proteins. The resulting proteins were of the ex-
pected sizes of 46, 56, and 41 kDa for VZV ORF17 protein,
HSV-1 vhs, and PRV vhs protein, respectively (Fig. 4A). These
proteins were used as effectors in the RNA cleavage assay.

A target RNA was transcribed from pSPSR19N by using
guanylyl transferase, yielding a transcript of 2.4 kb with a

radiolabeled cap at its 5� terminus (11). Incubation of the
target RNA with in vitro-translated HSV-1 vhs resulted in
degradation of 95% of the full-length RNA within 10 min of
incubation (Fig. 4B and C). In contrast, incubation of the RNA
with VZV ORF17 protein or PRV vhs resulted in much slower
degradation of full-length RNA. The proportion of full-length
RNA remaining after incubation with VZV ORF17 protein,
PRV vhs, or HSV-1 vhs for 30 min was 25, 15, or 0.7%,
respectively. Degradation of full-length RNA in the presence
of an in vitro-translated empty vector served as a control; 54%
of full-length RNA remained after 30 min of incubation with
the empty-vector control.

Radiolabeled capped RNA was also transcribed from a plas-
mid containing a picornavirus IRES sequence (11), and incu-
bation of the target RNA with VZV ORF17 protein resulted in
degradation of most, but not all, of the target RNA after 30
min (unpublished data). Incubation with HSV-1 vhs resulted in
complete degradation of the full-length target RNA within 5
min of incubation, and incubation of the RNA with PRV vhs
resulted in nearly complete digestion of the target RNA at 30
min. Thus, VZV ORF17 protein induced partial degradation
of both a cap-dependent and an IRES-containing RNA, and
the effect of the VZV protein more closely resembled the
pattern of RNA degradation seen with PRV vhs than that seen
with HSV-1 vhs.

ORF17 protein does not inhibit expression of a reporter
gene in mammalian cells. Coexpression of HSV-1 vhs with a
reporter plasmid has been shown to inhibit expression of the
plasmid (19, 34). To determine whether VZV ORF17 protein
also inhibits expression of a reporter gene, we cotransfected
melanoma cells with a �-galactosidase expression plasmid and
a plasmid expressing either ORF17, an ORF17 deletion mu-
tant, HSV-1 vhs, or an HSV-1 vhs mutant. While VZV ORF17
was expressed in the cells (Fig. 5A), neither VZV ORF17
protein nor an ORF17 deletion mutant (VZV ORF17DA)
inhibited expression of �-galactosidase (Fig. 5B and C). In

FIG. 2. Immunoblot of ORF17 protein from VZV-infected cells. (A) Murine antiserum to ORF17 protein detects a 46-kDa protein from cells
infected with ROka or ORF17 rescued virus (ROka17DAR) but not from uninfected cells or cells infected with an ORF17 deletion mutant
(ROka17DA or ROka17DB). (B) Cells infected with ROka, ORF17 rescued virus, or ORF17 deletion mutants express 68- to 100-kDa proteins
that react with a monoclonal antibody to VZV gE. Molecular sizes (in kilodaltons) are indicated at the right of each gel.

FIG. 3. ORF17 protein is not detected in virions. Cell lysates from
VZV-infected cells, uninfected cells, or purified VZV virions were run
on polyacrylamide gels, and immunoblotting was performed using an-
tibodies to VZV ORF17 protein (A), ORF10 protein (B), gE (C), or
ORF61 protein (D). ORF17 protein is detected in VZV-infected cells,
but not in virions. Molecular sizes (in kilodaltons) are given to the right
of each gel.
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contrast, expression of HSV-1 vhs resulted in a dose-depen-
dent decrease in �-galactosidase activity, while the HSV-1 vhs
mutant (HSV-1 vhs1) had little activity in the assay.

ORF17 is critical for growth of VZV at 37°C but not at 33°C.
To determine the role of ORF17 in viral replication, two dif-
ferent ORF17 deletion mutants were constructed. Cosmids
NotI A-17DA and NotI A-17DB have deletions in more than
40% of ORF17. Transfection of melanoma cells with
pCMV62, NotI BD, MstII A, MstII B, and NotI A resulted in
CPE 9 to 10 days later, while transfections in which NotI
A-17DA was substituted for NotI A yielded CPE 18 to 21 days
after transfection; when NotI A-17DB was used, CPE was
detected 12 to 17 days after transfection. VZV derived from
cosmid NotI A-17DA, termed ROka17DA, has codons 174 to
378 of ORF17 deleted, while ROka17DB (derived from NotI
A-17DB) has a deletion of codons 90 to 304. To verify that
phenotypic changes were due solely to the deletion in ORF17,

the deletion was restored in one of the viruses, by cotransfect-
ing ROka17DA virion DNA with a DNA fragment containing
ORF17 and plaque purifying the rescued virus
(ROka17DAR).

Southern blotting was performed to verify that DNAs from
VZV ROka, ROka17DA, and ROka17DB had the expected
configurations. Digestion of virion DNA with AflII, followed by
hybridization with a probe containing the NotI A fragment of
VZV, showed a 4.8-kb band with VZV ROka or ROka17DAR
but a 4.2-kb band with ROka17DA, due to the deletion in
ORF17 (Fig. 6). A similar band of 4.2 kb was seen with
ROka17DB (data not shown).

Immunoblotting of lysates from cells infected with the
ORF17 deletion mutants (ROka17DA and ROka17DB) by
use of an antibody to ORF17 protein showed that ORF17
protein was not detected (Fig. 2A). ORF17 protein was ex-
pressed in the ORF17 rescued virus (ROka17DAR). Lysates
from the same cells expressed VZV gE, indicating that the cells
were infected with virus (Fig. 2B).

When ROka17DA was grown at 33°C, the mutant grew to
nearly the same peak titers (within twofold) as the parental
virus in melanoma cells (Fig. 7A). Surprisingly, when the same
virus was grown at 37°C, the ORF17 mutant grew to 34-fold-
lower peak titers than the parental virus. Similar results were
seen with ROka17DB (data not shown). To verify that the
temperature-sensitive phenotype was due to the deletion in
ORF17, and not due to a mutation elsewhere, the ORF17
rescued virus was tested for growth at different temperatures.

FIG. 4. ORF17 protein has RNA cleavage activity. (A) In vitro
translation of VZV ORF17, PRV vhs, and HSV-1 vhs proteins. Mo-
lecular sizes (in kilodaltons) are indicated at the right of the gel. (B) A
2.4-kb radiolabeled capped RNA was incubated with the in vitro-
translated proteins, and at various time points, aliquots of reaction
products were obtained and RNA was extracted. (C) Relative densities
of signal obtained from RNA after incubation with in vitro-translated
vhs proteins over various times. The signal obtained from full-length
radiolabeled RNA was quantified using a phosphorimager. The rela-
tive density of the signal was expressed as the percentage of the signal
remaining compared with that obtained at time zero.
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The rescued virus (ROka17DAR) had a phenotype similar to
that of the parental virus (ROka) in melanoma cells (Fig. 7A).
Similar results were seen when the viruses were grown in Vero
cells (Fig. 7B). The ORF17 deletion mutant also showed a
temperature-sensitive phenotype in primary human fibroblasts
(MRC-5 cells), human schwannoma cells, human neuroblas-
toma cells (SK-N-SH), and BSC-1 monkey kidney cells (data
not shown). Thus, ORF17 is important for virus replication at
37°C but not at 33°C.

To determine whether ORF17 affects the rate of viral DNA
synthesis, total DNA was prepared from Vero cells infected
with VZV ROka or ROka17DA at 33 or 37°C for various times
after infection, and the amount of VZV DNA was quantified.
Infection of Vero cells with VZV ROka at either temperature
resulted in the synthesis of increasing amounts of viral DNA
(Fig. 8). In contrast, infection of cells with VZV ROka17DA at
33°C resulted in a sevenfold-lower peak level of viral DNA
than infection with ROka at 33°C. Infection with ROka17DA
at 37°C resulted in no detectable increase in viral DNA syn-
thesis. These results indicate that viral DNA synthesis is par-
tially impaired in cells infected with the ORF17 deletion mu-
tant at 33°C and is undetectable at 37°C.

ORF17 alters the intracellular localization of the ORF62
protein, but not gE, at 37°C. To examine why ORF17 is critical
for growth of VZV at the higher temperature, we infected
melanoma cells with cell-free ROka17DA or ROka17DAR,
incubated the cells at 33 or 37°C, and stained the cells with
antibodies to ORF62 protein or gE. As expected, infection of
cells with the ORF17 rescued virus (ROka17DAR) resulted in
expression of ORF62 protein and gE in foci of 20 to 100
infected cells. Similarly, infection with the ORF17 deletion

FIG. 5. ORF17 protein does not shut off expression of a �-galactosidase reporter plasmid. (A) Transfection of melanoma cells with pCMV17,
followed by immunoblotting with an antibody to ORF17 protein, results in expression of a 46-kDa protein. (B and C) Transfection of cells with
a plasmid expressing VZV ORF17 or ORF17DA does not inhibit expression from a �-galactosidase reporter plasmid, while a plasmid expressing
HSV-1 vhs markedly reduces expression and a plasmid expressing an HSV-1 vhs mutant (HSV-1 vhs1) has little activity. The low level of activity
seen with the plasmid expressing HSV vhs1 was not noted in other studies (19, 34) but may be due to differences in the cell line, transfection
method, or total amount of DNA used in our experiments and the prior studies.

FIG. 6. Southern blot of virion DNAs from cells infected with the
parental VZV strain (ROka), an ORF17 deletion mutant, or the
ORF17 rescued virus. Digestion of ROka or ROka17DAR DNA with
AflII resulted in a fragment of 4.8 kb, while digestion of DNA from
ROka17DA resulted in a 4.2-kb band. Molecular sizes (in kilobase
pairs) are indicated at the right.
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mutant at 33°C showed large clusters of cells that expressed the
two proteins. However, when cells were infected with the
ORF17 mutant at 37°C, foci of only 5 to 20 infected cells were
noted, and both proteins were expressed in these foci.

Intracellular localization of ORF62 protein was markedly
different in cells infected with the ORF17 deletion mutant at

the two temperatures (Fig. 9). Cells infected with the ORF17
deletion mutant and incubated at 33°C, or infected with the
ORF17 rescued virus and incubated at 33 or 37°C, showed
expression of ORF62 protein in the nuclear membrane and
scattered in fine granules in the nucleus (Fig. 9A, B, and D). In
contrast, cells infected with the ORF17 deletion mutant and

FIG. 7. Growth curve of VZV ORF17 deletion mutants in cell culture. Melanoma (A) or Vero (B) cells were inoculated with cells containing
approximately 100 PFU of either the parental virus (ROka), an ORF17 deletion mutant (ROka17DA), or the ORF17 rescued mutant
(ROka17DAR). At various times after infection, the cells were harvested and the titer of virus was determined in melanoma cells.
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incubated at 37°C showed ORF62 protein in large clumps
predominantly in the nucleus and not in the nuclear membrane
(Fig. 9C). The localization of gE did not vary with the virus or
the temperature (Fig. 9E through H). To determine whether
the change in the intracellular localization of ORF62 protein
occurred early after infection, cells were infected with the
ORF17 deletion mutant, incubated at 33°C for 3 h, and then
shifted to 37°C. ORF62 protein still showed aberrant localiza-
tion in cells infected with the mutant (Fig. 9K). ORF62 protein
appeared to localize to both the cytoplasm and the nucleus in
cells infected with the ORF17 mutant at 37°C (Fig. 9L), while
ORF62 protein was largely confined to the nuclei of cells
infected with the ORF17 rescued virus (Fig. 9J).

An ORF17 deletion mutant is not impaired in its ability to
establish latent infection. The reduction in replication of the
ORF17 deletion mutant at 37°C suggested that it might also be
impaired in its ability to establish latency. Therefore, cotton
rats were inoculated along both sides of the thoracic and lum-
bar spine with cells containing VZV ROka or ROka17DA, and
1 month later DNA was isolated from pooled thoracic and
lumbar dorsal root ganglia. A PCR assay followed by Southern
blotting could reliably detect 10 copies of VZV cosmid DNA
mixed with 500 ng of DNA from uninfected dorsal root gan-
glia. Positive signals (�10 copies of VZV DNA/500 ng of
ganglion DNA) were detected in ganglia from 13 of 19 VZV
ROka-infected and 8 of 20 ROka17DA-infected cotton rats, an
insignificant difference. As expected, DNA extracted from gan-
glia of cotton rats inoculated with uninfected cells, or with
heat-inactivated ROka-infected cells, showed no detectable
VZV DNA.

To estimate the copy number of VZV DNA in ganglia from
latently infected cotton rats, densitometry was performed using

autoradiograms from Southern blots of PCR products corre-
sponding to 500 ng of ganglion DNA obtained from animals
infected with VZV ROka or ROka17DA. The densitometry
signals were compared to those obtained by serial dilutions of
VZV cosmid DNA mixed with 500 ng of ganglion DNA from
uninfected animals. The geometric mean number of VZV cop-
ies from PCR-positive ganglia of animals infected with
ROka17DA (43 copies) was similar to that in animals infected
with ROka (30 copies) (Fig. 10).

To determine the number of animals expressing a VZV
transcript during latency, RNA was isolated from dorsal root
ganglia of cotton rats and was reverse transcribed, and the
resulting cDNA was amplified by PCR using ORF63 primers
followed by Southern blotting. ORF63 transcripts were present
in ganglia from 7 of 9 VZV ROka-infected and 6 of 10
ROka17DA-infected cotton rats (Fig. 11). No VZV transcripts
were detected in animals inoculated with uninfected cells or
heat-inactivated ROka-infected cells.

DISCUSSION

We have shown that ORF17 encodes a 46-kDa nonstructural
protein that induces cleavage of RNA and is not detectable in
virions. In contrast, HSV-1 vhs is located in the tegument of
virions and is released into the cytoplasm after entry, resulting
in rapid shutoff of host cellular synthesis, even in the absence
of new viral protein synthesis (25). While HSV-1 spreads rap-
idly in cell culture, VZV infection occurs more slowly, and
therefore rapid shutoff of host protein synthesis could be det-
rimental for virus replication. Since ORF17 protein is not
located in virions, and the protein is predicted to be expressed
late in the viral replicative cycle, it might be expected that
infection of cells with VZV would not result in rapid shutoff of
host protein synthesis. In fact, infection of melanoma cells with
the ORF17 rescued virus did not result in a detectable differ-
ence in host protein synthesis 30 h after infection, compared
with cells infected with an ORF17 deletion mutant or unin-
fected cells (unpublished data). An earlier study showed that
host protein synthesis in VZV-infected cells is very gradually
diminished over 48 h (3). Thus, unlike HSV-1, VZV does not
rapidly shut off host protein synthesis.

We found that VZV ORF17 had modest RNA cleavage
activity for cap-dependent and IRES-containing RNAs but was
unable to inhibit protein synthesis in a cotransfection assay.
Similarly, an HSV-1 vhs point mutant retains partial cleavage
activity for the same picornavirus IRES sequence and very
weak activity for the cap-dependent RNA (28) but has lost the
ability to inhibit expression of a reporter gene in mammalian
cells and to shut off host protein synthesis during infection.
Taken together, these results suggest that the reduced RNA
cleavage activity of vhs may not be sufficient for inhibition of
protein synthesis. While deletion of ORF17 had no detectable
effect on host protein synthesis (unpublished data), the modest
RNA cleavage activity of ORF17 protein might still serve to
shut off expression of certain viral proteins in the replication
cycle and coordinate an orderly cascade of gene expression, as
has been shown for HSV-1 (33).

Other alphaherpesviruses encode homologs of HSV-1 vhs.
The bovine herpesvirus 1 vhs homolog has host shutoff activity
and induces degradation of RNA resulting in inhibition of

FIG. 8. Viral DNA synthesis in Vero cells infected with VZV
ROka or ROka17DA. Cells were infected at a multiplicity of infection
of approximately 0.001 and maintained at 33 or 37°C for 1 to 5 days,
after which total DNA was prepared and hybridized to a VZV probe.
The signal was quantified by using a phosphorimager, and the amount
of VZV DNA was determined by using signals from control viral
DNA.
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protein synthesis in infected cells (17, 24). The EHV-1 vhs
protein has a shutoff function similar to that of HSV when it is
cotransfected with an expression vector into cells, and EHV-1
vhs is present in virions. However, infection of cells with
EHV-1 does not result in shutoff of host protein synthesis (14).
The PRV vhs protein has weak RNase activity (11), and infec-
tion of cells with PRV results in delayed shutoff of host protein
synthesis that requires new viral protein synthesis (4, 18). Thus,
the substantially weaker RNA cleavage activity of the VZV

ORF17 protein and the prolonged delay in host shutoff by
VZV suggests that the activity of the VZV protein more
closely resembles that of the PRV vhs homolog than those of
its other alphaherpesvirus homologs.

The ORF17 deletion mutant was impaired in viral DNA
replication at 33°C compared to the parental virus, and no
VZV DNA replication was detected at 37°C. Thus, ORF17
protein has an important role in the replication of viral DNA.
The aberrant localization of the ORF62 protein seen in cells

FIG. 9. ORF17 is responsible for normal distribution of ORF62 protein at 37°C. Melanoma cells were infected with cell-free VZV, incubated
at 37 or 33°C for 48 h, fixed in cold acetone-methanol, and stained with an antibody to ORF62 protein (A through D) or gE (E through H). Cells
were infected either with VZV ROka17DAR at 37°C (A and E) or 33°C (B and F) or with ROka17DA at 37°C (C and G) or 33°C (D and H).
Melanoma cells were also infected with cell-free VZV, incubated at 33°C for 3 h followed by 37°C for 48 h, and stained with an antibody to ORF62
protein either alone (I and K) or with DAPI (J and L). Cells were infected with either VZV ROka17DAR (I and J) or ROka17DA (K and L).
ORF62 protein shows nuclear-membrane and punctate nuclear staining in cells infected with ROka17DA at 33°C or with ROka17DAR at 33 or
37°C. ORF62 protein is present in coarse clumps in the nuclei and cytoplasm, but not in the nuclear membranes, of cells infected with ROka17DA
at 33°C. Magnification, �504 for panels A through H and �320 for panels I through L.
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infected with the ORF17 deletion mutant and grown at 37°C
might contribute to the effect of ORF17 deletion on VZV
DNA replication. ORF62 protein transactivates putative im-
mediate-early, early, and late VZV genes (35) and interacts
with the USF transcription factor to activate the ORF28 and
ORF29 promoters (30). ORF28 encodes the single stranded
DNA binding protein, and ORF29 encodes the viral DNA
polymerase (10); by analogy with their homologs in HSV-1,
both of these proteins are likely to be essential for VZV DNA
replication (6). Therefore, the impairment in viral DNA rep-
lication seen in the ORF17 deletion mutant at 37°C may be
due to aberrant localization of ORF62 protein resulting in
reduced expression of viral DNA replication proteins.

The distribution of ORF62 protein in the nuclei of cells
infected with the ORF17 deletion mutant at 37°C was abnor-
mal. Multiple attempts to demonstrate an interaction of
ORF17 protein with ORF62 protein by coimmunoprecipita-
tion assays were unsuccessful (data not shown). ORF17 pro-
tein might interact with ORF62 indirectly, or ORF17 might
alter the activity of another protein that could affect localiza-
tion of ORF62. Recently, the ORF66 protein kinase was shown
to phosphorylate ORF62 protein and inhibit its localization in
the nucleus (23). Thus, ORF17 is the second viral protein that
affects the localization of ORF62. ORF62 protein is a virion-
associated transactivator (21) that enhances the infectivity of
VZV DNA (32). The abnormal localization of ORF62 protein
in infected cells might limit its incorporation into the virion
and reduce its ability to initiate virus replication.

We found that an ORF17 deletion mutant established a
latent infection in cotton rats at a level similar to that estab-
lished by the parental virus. As noted above, the ORF17 de-
letion mutant replicated to lower titers in vitro at 37°C; how-

FIG. 10. Infection of cotton rats with cells containing ROka or ROka17DA results in similar mean copy numbers of VZV DNA in dorsal root
ganglia. Filled circles represent copy numbers for animals considered positive for VZV, and open circles correspond to animals that had copy
numbers below the threshold (10 copies of VZV DNA per 500 ng of ganglion DNA) for reliable detection. Horizontal bars indicate the geometric
mean copy numbers for PCR-positive ganglia. Animals infected with cells containing heat-inactivated (HI) ROka or with uninfected cells had no
detectable viral DNA in their ganglia.

FIG. 11. Infection of cotton rats with cells containing ROka or
ROka17DA results in ORF63 transcripts expressed in dorsal root
ganglia. RNA was isolated from dorsal root ganglia, cDNA was am-
plified, and PCR was performed, followed by Southern blotting for
ORF63. ORF63 transcripts were detected in animals 1, 2, 3, 5, 6, 8, and
9 infected with VZV ROka and in animals 1, 3, 4, 5, 6, and 9 infected
with ROka17DA. Animals inoculated with uninfected cells or with
cells containing heat-inactivated (HI) ROka had no detectable ORF63
transcripts. ORF63 RNA was present in VZV-infected cells. cDNA
was prepared in the presence (�) or absence (�) of reverse transcrip-
tase (RT).

VOL. 76, 2002 VARICELLA-ZOSTER VIRUS ORF17 PROTEIN 11021



ever, despite the fact that cotton rats have a core body
temperature of 39°C (G. Prince, personal communication), the
mutant was not impaired in its ability to establish latency.
Strelow and Leib (46) found that mice inoculated with HSV-1
with a nonsense linker in vhs had lower replication of virus in
the cornea, trigeminal ganglia, and brain than mice inoculated
with the parental virus. Furthermore, they showed that the
level of latent viral DNA in trigeminal ganglia was reduced
30-fold from that with the parental virus. The impairment in
establishment of latency by the HSV-1 mutant compared with
the VZV mutant may be due to an inherent difference between
the role of HSV-1 vhs in neural pathogenesis and that of its
VZV homolog, or it may be due to differences in the two
animal models.

Growth of the VZV ORF17 deletion mutant was severely
impaired in melanoma and Vero cells at 37°C but minimally
impaired at 33°C. ORF17 protein might accelerate the degra-
dation of mRNAs encoding a certain protein(s) that otherwise
inhibits viral replication at 37°C (but not at 33°C). The differ-
ence between the growth of the VZV ORF17 deletion mutant
at 33°C and its growth at 37°C suggests that ORF17 might not
be required for growth in cooler temperatures such as those in
distal portions of the skin or upper respiratory tract but might
be important for viral replication in the central nervous system,
lung, or other organs.
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